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Abstract Children born very prematurely who show
intrauterine growth retardation (IUGR) are suggested to be
at risk of developing high blood pressure as adults. Renal
function may already be impaired by young adult age. To
study whether very preterm birth affects blood pressure in
young adults, we measured 24-h ambulatory blood pressure
(Spacelabs™ 90207 device) and renin concentration in 50
very premature individuals (<32 weeks of gestation), either
small (SGA) or appropriate (AGA) for gestational age
(21 SGA, 29 AGA), and 30 full-term controls who all were
aged 20 years at time of measurement. The mean (standard
deviation) daytime systolic blood pressure in SGA and
AGA prematurely born individuals, respectively, was 122.7
(8.7) and 123.1 (8.5) mmHg. These values were, respec-
tively, 3.6 mmHg [95% confidence interval (CI) −0.9 to
8.0] and 4.2 mmHg (95% CI 0.4−8.0) higher than in
controls [119.6 (7.6)]. Daytime diastolic blood pressure and
nighttime blood pressure did not differ between groups. We
conclude that individuals born very preterm have higher
daytime systolic blood pressure and higher risk of hyper-
tension at a young adult age.
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Abbreviations
IUGR Intrauterine growth restriction
SGA Small for gestational age
AGA Appropriate for gestational age
POPS Project of Preterms and Small for Gestational Age
Infants
ABPM Ambulatory blood pressure monitor
SBP Systolic blood pressure
DBP Diastolic blood pressure
MAP Mean arterial pressure
SD Standard deviation
SDS Standard deviation score
Introduction
Over the past 20 years, evidence has accumulated indicat-
ing that intrauterine growth restriction (IUGR) affects
normal development of the kidneys and vascular system,
thereby increasing the likelihood of hypertension and/or
cardiovascular diseases [1–4]. Impaired fetal kidney devel-
opment leading to nephron deficit is considered an
important pathway in the development of hypertension
after IUGR birth [5–10]. Apart from IUGR, premature birth
may contribute to the development of disease at adult age
[11–15]. We demonstrated poorer renal function in very
preterm individuals at age 19 years born with IUGR
compared with very preterm individuals born with appro-
priate birth weight. Blood pressure did not differ between
these groups [16, 17]. The findings from that study seemed
to point to higher-than-normal prevalence of hypertension
in both groups, but evidence was inconclusive for lack of
controls.
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age 20 years of individuals born very prematurely and in
controls born after full gestation [18]. Data obtained included
inulin and para-amino hippuric acid clearance before and
after renal stimulation, renal functional reserve capacity,
microalbuminuria, renal size, blood pressure during renal
function tests, 24-h ambulatory blood pressures and renin
concentration. The glomerular filtration rate (GFR) did not
differ between groups. The effective renal plasma flow was
impaired, however, in preterm individuals with IUGR. These
also showed increased microalbuminuria and higher systolic
blood pressure (SBP) compared with controls. Renal size
was related to GFR and effective renal plasma flow and was
stunted, both regarding length and volume [19]. In this
article we report more detailed results of ambulatory blood
pressure monitoring (ABPM) in these individuals.
Methods
Study population
We recruited three groups of 20-year-olds: (1) Born very
prematurely(<32weeks)andsmall forgestational age (SGA).
(2) Born very prematurely and appropriate for gestational age
(AGA). (3) Born full term (37–42 weeks) and appropriate for
gestational age (controls). Individuals in the first two groups
participate in a follow-up study of a Dutch birth cohort (all
born in 1983) including 94% (N=1,338) of all live-born
individuals in The Netherlands with gestational age
<32 weeks and/or birth weight <1,500 g. This is the POPS
cohort: Project on Preterms and Small for Gestational Age
Infants [20]. The so-called POPS 19 study included 596
(62.1%) of the 959 survivors until age 19 years. Four
hundred and twenty-two of those were born with a
gestational age <32 weeks, and 174 with a gestational age
≥32 weeks but with a birth weight <1,500 g. Nonresponders
of this study differed from responders by male gender, non-
Dutch origin, low maternal education, severe handicap, and
special education. SGA status did not differ between
responders and nonresponders [21].
Participants in our study were recruited from the 422
individuals born with a gestational age <32 weeks who
participated in the POPS 19 study (see also Fig. 1).
Recruitment of SGA individuals started with the lowest
birth weight adjusted for gestational age [≤− 2.0 standard
deviation scores (SDS) N=29] that of AGA individuals
with the highest birth weight adjusted for gestational age (0
to +2.0 SDS, N=205). This strategy was aimed at gaining
great contrast between groups. For the sake of convenience,
those living closest to the Erasmus MC University Medical
Center, Rotterdam, The Netherlands, were recruited first.
Controls were term born (37–42 weeks of gestation) with
normal birth weight (−2 to +2 SDS) between 1 January
1982 and 31 December 1984. They were all medical
students at Erasmus MC and had been recruited by
distribution of flyers in the medical school that mentioned
as inclusion criteria normal gestational age, normal birth
weight, and birth years 1982–1984.
Data collection
Patient characteristics Present weight, height, and body
mass index (BMI) were measured and converted to SDS
[22]. Birth weights, gestational ages, obstetric, and perinatal
parameters of the prematurely born individuals were
derived from the POPS database (TNO Quality of Life,
Leiden, The Netherlands). Birth weight was converted to
SDS adjusted for gestational age using Swedish reference
standards [23] and was considered a measure of IUGR
[birth weight (SDS)]. Birth weights and gestational ages of
controls were preferably obtained from birth records,
midwives’ administration, birth announcement cards, or
diaries. Otherwise, they were derived from mother’s recall.
If reliable data on birth weight and gestational age could
not be obtained, controls were not included in the study.
Blood pressure measurement
All participants underwent three blood pressure measure-
ments at a minimum interval of 1 min in sitting position
Fig. 1 Flow chart of study inclusion
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nondominant arm using a calibrated automatic blood
pressure device (Hewlett Packard). The mean of these three
measurements was used in the statistical analysis (baseline
blood pressure). Thereafter, SBP and diastolic blood
pressure (DBP) were measured with a Spacelabs™ 90207
ambulatory blood pressure monitor (ABPM) at the non-
dominant upper arm over 24 h. Cuff size was adjusted for
upper arm length [24]. Reading frequency was programmed
for every 20 min from 7 a.m. to 11 p.m. and for every hour
between 11 p.m. and 7 a.m. Participants reported exercise,
bedtime, and wake-up time in a diary. Mean daytime
(awake), night-time (sleeping), and overall blood pressure
values were calculated, and absolute and relative differ-
ences in day- and night-time blood pressure were derived.
Hypertension criteria were those suggested by the European
Society of Hypertension [25]. In 24-h measurements,
normal blood pressure is defined as ≤130/80 mmHg and
hypertension as >135/85 mmHg. Normal daytime blood
pressure is defined as ≤135/85 mmHg and daytime
hypertension as >140/90 mmHg. Normal nocturnal blood
pressure is defined as <120/70 and nocturnal hypertension
as >125/75. Blood pressure load is defined as the
percentage of measurements exceeding the 95th percentile,
adjusted for awakeness and sleep [26].
Blood was drawn at rest after baseline blood pressure
measurement. Renin (ng Al/mg per hour) was quantitated
by its capacity to generate angiotensin I from excess
substrate angiotensinogen measured by an in-house radio-
immunoassay, as described previously [27]. All participants
also underwent a renal function test and renal ultrasonog-
raphy by a method described elsewhere [18]. Data on
plasma creatinine levels (μmol/liter), creatinine clearance
(ml/min/1.73 m
2), and total kidney length (cm) and volume
(cm
3) were also recorded.
Informed consent and institutional approval
Informed consent was obtained after oral and written
information. All participants were able to provide consent
with understanding and in writing. The Erasmus MC
review board approved the study protocol.
Statistics
Statistical analysis was performed with SPSS 15.0 software.
Multiple regression analysis served to analyze group
differences adjusted for gender. Two group comparisons
were performed to analyze the effect of IUGR (SGA vs
AGA) and gestational age (AGA vs controls). Results are
presented as mean, standard deviation (SD) and P value for
the differences between groups. Multiple regression analy-
sis was also performed to analyze relations between renin
concentration and blood pressure adjusted for gender.
Pearson’s chi-square tests were performed to analyze
differences in perinatal factors between AGA and SGA
groups and to compare prevalences of current hypertension
between all groups. Statistical significance was considered
at the level of 5%.
Results
Eighty-two individuals participated: 23 SGA, 29 AGA, and
30 controls. Thirty-five individuals registered with the
research team as possible controls. Five were excluded
because birth weight or gestational age were uncertain. For
12 of the 30 controls (40%), birth weight or gestational age
were derived from maternal recall. Data of two of the SGA
individuals were excluded from data analysis. In one, blood
pressure measurements may have been unreliable because
of frequent premature heartbeats. The second suffered an
unrelated allergic episode prior to ABPM measurement.
These two participants did not undergo ABPM. Table 1
shows baseline characteristics of the remaining 80 partic-
ipants by study group. SGA individuals had significantly
lower weight and height than AGA individuals and
controls. BMI at age 20 did not differ between the three
groups. Table 2 shows that proportions of mothers with
hypertension during pregnancy, and cardiotocographic
deterioration in the SGA group were significantly higher
(Pearson χ
2 test: P<0.05) than those in the AGA groups.
Infant respiratory distress syndrome also occurred more
frequently in AGA individuals. Other prenatal, perinatal,
and postnatal parameters were equally distributed (Table 2).
There were no gender differences for birth weight (g), birth
weight SDS and gestational age. At age 20, men were taller
(mean height difference 13.4 cm 95% CI 10.0−16.9) and
heavier (mean weight difference 12.3 kg 95% CI 7.7−17.0)
than women, but BMI (mean difference 0.6 kg/m
2 95%
CI −0.7 to 1.9) did not differ significantly.
Baseline and ambulatory blood pressure monitor
measurements
Men had significantly higher SBP and significantly lower
heart rate than women (P<0.05). All regression analyses
were adjusted for gender (Table 3).
Prematurity Baseline SBP in AGA individuals was
8.4 mmHg higher than in controls (95% CI 4.1;12.7, P<
0.001). Ambulatory daytime SBP in AGA individuals was
4.2 mmHg higher (95% CI 0.4−8.0, P=0.03) than that in
controls. Baseline DBP, ambulatory DBP, heart frequency
(HF), mean arterial pressure (MAP), and nocturnal SBP dip
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slightly, though not significantly, higher in AGA individu-
als (AGA 3.6 mmHg higher with 95% CI −0.9 to 8.1,
P=0.12). SBP load in AGA individuals was 5.5% higher
than that in controls (P=0.049). DBP load did not differ
between groups. Baseline MAP in AGA individuals was
higher than that in controls.
Renal ultrasonography revealed subclinical renal
anomalies in eight prematurely born individuals (three
SGA and five AGA), i.e. nephrocalcinosis (N=1),
unilateral pyelocaliceal dilatation (N=3), ureteropelvic
junction obstruction (N=1), ureter dilatation (N=1),
extrarenal pelvis (N=1), ureter duplication and ureterocele
(N=1). In a separate analysis without these individuals,
night-time SBP was also significantly higher in AGA
individuals compared with controls (P=0.035), and SBP
load was no longer significantly different (P=0.062).
Baseline SBP, 24-h SBP, and daytime SBP all remained
significantly higher in AGA individuals compared with
controls (P<0.05).
IUGR Regarding both day- and night-time values, the SGA
and AGA groups did not differ significantly in SBP, DBP,
MAP, HF, and blood pressure load.
Parameter SGA (21) AGA (29)
Number % Number %
Hypertension during pregnancy
* 13 62 2 7
Diabetes gravidarum 1 5 2 7
Blood group Antagonism 0 0 0 0
Pre-existing maternal disease 2 10 1 3
Premature rupture of membranes 2 10 8 28
Amnionitis 0 0 3 10
Cardiotocographic deterioration
* 15 (3 unknown) 71 4 (7 unknown) 14
Use of corticosteroids 2 10 8 28
Apgar score <7 after 5 minutes 1 (2 unknown) 5 1 (2 unknown) 3
Infant respiratory distress syndrome
* 52 4 1 6 5 5
Sepsis 8 38 13 45
Convulsions 0 0 0 0
Table 2 Obstetric and perinatal
parameters in the prematurely
born groups
SGA small for gestational age
prematurely born individuals,
AGA appropriate for gestational
age prematurely born individuals
*Pearson χ
2 test P < 0.05
Table 1 Participant baseline characteristics
SGA AGA Controls SGA vs AGA AGA vs Controls
N=21 N=29 N=30
Mean SD Mean SD Mean SD P value P value
Age (year) 20.7 0.3 20.7 0.4 20.7 0.8 0.938 0.968
Males [% (number)] 38 8 38 11 47 14 0.991 0.497
BW (g) 858 132 1489 257 3632 489 <0.00
* <0.001
*
GA (weeks) 30.6 1.1 29.5 1.4 40.2 1.3 <0.004
* <0.001
*
BW-SDS −2.2 0.3 0.7 0.5 0.3 1.0 <0.001
* 0.052
Body height (cm) 168 11 174 7.7 176 10 0.001
* 0.583
Body height (SDS) −1.2 1.1 −0.2 0.9 −0.1 1.1 0.001
* 0.568
Body weight (kg) 60.7 9.1 67.4 12.0 71.4 11.7 0.011
* 0.274
Body weight (SDS) −1.1 1.3 −0.2 1.0 0.2 1.2 0.011
* 0.259
BMI (kg/m
2) 21.7 2.6 22.1 2.8 22.9 2.8 0.524 0.319
Data expressed by mean [standard deviation (SD)] and regression P value adjusted for gender, except for gender (χ
2)
SGA small for gestational age prematurely born individuals, AGA appropriate for gestational age prematurely born individuals, controls
appropriate for gestational age term-born individuals, BW birth weight, GA gestational age, BW-SDS birth weight standard deviation score, BMI
body mass index
*P<0.05
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Table 4 shows equal distribution of normal blood pressure,
borderline hypertension, and hypertension prevalences
(Pearson χ
2=6,135; P=0.197) between groups. No differ-
ence was found in daytime or night-time prevalences
between groups.
Nocturnal dipping (decrease in blood pressure >10%)
was observed in two of 21 SGA, four of 29 AGA, and four
of 30 controls. In this regard, no significant difference was
reached between groups (Pearson χ
2=0.233, P=0.890),
Renin concentration (ng Al/ml per hour) was available in
79 of the 80 individuals (Table 3) .R e n i nc o n c e n t r a t i o ni n
men was not significantly higher than that in women
(mean difference 0.33 ng Al/ml/h, 95% CI −0.1 to 0.7).
Renin concentration in SGA individuals was 0.42 lower
than that in AGA individuals (95% CI −0.08 to 0.92, P=
0.097) and 0.48 lower than that in controls (95% CI −0.09
to 1.05, P=0.10). No relation between renin concentration
and SBP or DBP was found. In a linear regression
analysis, renin concentration was not related to birth
weight as a continuous variable (both SDS and g) or to
gestational age.
Renal function and size
Renal size in controls was larger than that in AGA individ-
uals. Renal size did not significantly differ between AGA
and SGA individuals. Plasma creatinine and creatinine
clearance did not differ between groups. Renal function and
size were not correlated with SBP or DBP values.
Discussion
In this study, individuals born very prematurely (<32 weeks)
showed higher SBP at age 20 years than did full-term
individuals of the same age. Our findings are consistent,
Table 3 Mean 24-h, daytime and night-time blood pressure values, blood pressure load, renal function and size, and renin concentration in SGA
and AGA preterms and controls
SGA AGA Controls SGA vs AGA AGA vs Controls
N=21 N=29 N=30
Mean SD Mean SD Mean SD value P value
Baseline SBP (mmHg) 124.1 10.9 125.4 9.9 117.7 8.2 0.641 <0.001
*
Baseline DBP (mmHg) 70.0 9.8 70.0 7.8 68.0 7.1 0.997 0.336
24-h blood pressure
SBP (mmHg) 118.0 7.9 119.4 8.6 115.9 7.9 0.534 0.042
*
DBP (mmHg) 68.4 7.3 68.5 4.9 67.6 6.4 0.994 0.600
Daytime blood pressure
SBP (mmHg) 122.7 8.7 123.1 8.5 119.6 7.6 0.816 0.031
*
DBP (mmHg) 73.0 8.0 72.2 5.1 71.7 6.0 0.652 0.819
Night-time blood pressure
SBP (mmHg) 107.9 8.3 110.9 9.1 107.9 9.4 0.254 0.118
DBP (mmHg) 58.1 7.3 59.6 5.6 58.8 7.1 0.434 0.556
SBP load (%) 17.9 20.0 18.1 20.2 12.3 16.5 0.817 0.049
*
DBP load (%) 10.1 14.8 7.7 7.5 13.8 17.3 0.795 0.251
Nocturnal dip SBP (%) 12.0 5.3 9.9 4.4 9.8 9.5 0.204 0.928
Nocturnal dip DBP (%) 20.3 7.3 17.3 6.4 18.1 6.5 0.161 0.497
Creatinine clearance (ml/min/1.73 m
2) 106.5 22.1 119.4 31.0 109.6 31.9 0.116 0.255
Creatinine (μmol/l) 71.6 9.1 70.7 12.3 72.0 13.2 0.811 0.881
Total kidney length (cm) 20.3 1.4 20.7 1.6 21.7 1.8 0.238 0.087
Total kidney volume (cm
3) 252.5 80.2 263.2 49.3 310.3 79.7 0.585 0.021
*
Renin (ng Al/ml/h) 1.8 0.8 2.2 0.9 2.3 1.1 0.097 0.852
Data expressed by mean [standard deviation (SD)] and regression P value adjusted for gender
SGA small for gestational age prematurely born individuals, AGA appropriate for gestational age prematurely born individuals, controls
appropriate for gestational age term-born individuals, SBP systolic blood pressure, DBP diastolic blood pressure
*P<0.05
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preterm individuals. This would seem to suggest that
prematurity alone is a predisposing risk factor for higher
SBP. Interestingly, compared with SGA participants, more
mothers of AGA participants had suffered from hyperten-
sion during pregnancy. Yet, we found no significant
associations between prenatal circumstances, such as
maternal hypertension and corticosteroid use, and adult
blood pressure. Prevalence of hypertension was low,
however, so that the analysis lacked power.
These results compare well with our earlier work, which
documented a similar mean SBP of 123 mmHg and a high
prevalence of hypertension (10%) in individuals born very
prematurely recruited from the same cohort [16]. Likewise,
Irving et al. reported higher blood pressure in 24-year-olds
born prematurely (mean gestational age 33.4 weeks) and no
effect of IUGR [28]. Preterm children in a Finnish study
showed cardiovascular changes, including SBP, already at
the age of 5 years [29]. A Swedish study of 165,136 men
also showed an inverse association between gestational age,
ranging from 35–44 weeks, and SBP [14]. Johansson et al.
described that blood pressure in preterm children and SGA
in term children at the age of 9.6 years did not differ from
that in term children with appropriate birth weight.
Catecholamine levels were higher in the preterm and SGA
groups, however, suggesting increased sympathoadrenal
activity [30].
In contrast, Singhal et al. found 15-year-olds born
prematurely (mean GA 31 weeks; N=216) not to be at
higher risk of vascular disease compared with term same-
age peers [31]. Also, a large cohort study in Brazil could
not detect different blood pressure values for 15-year-old
individuals born with a gestational age less than or more
than 37 weeks [32]. In that study, adolescent blood pressure
was elevated only when there was IUGR. One possible
explanation for these contrasting results is the obscure
effect of early determinants of increased blood pressure
during adolescence that Barker et al. described [3, 33].
Bayrakci et al. described abnormal circadian blood
pressure regulation in SGA preterm children aged between
5 and 17 years [34]. Nocturnal dipping, especially in those
born light for birth date, was less than that of controls.
Their SBP was not different from that in controls. Blood
pressure data were converted into SDS scores because
subjects differed in age, height, and gender, as described by
Wühl et al. [35]. For our adult population, such SDS scores
were not available. Recently, Bacchetta et al. described
increased DBP at the mean age of 7.6 years in very preterm
individuals (mean gestational age 27.3 weeks) but no
difference between growth-restricted individuals (either
intrauterine or extrauterine) [36].
Siewert-Delle and Ljungman suggested that in preterm
individuals, gestational age (30–38 weeks) has a great
impact on adult blood pressure [15]. In our study, a possible
effect of IUGR may therefore have been concealed. We
found only a slightly stronger regression coefficient of
gestational age to adult SBP for the preterm participants.
Significance disappeared, however, in this smaller separate
analysis. For that matter, an earlier study in a larger sample
of individuals from our cohort who were born very
prematurely neither revealed a relation between gestational
nor adult SBP [16]. Therefore, our data suggest weaker
relation between gestational age and adult SBP in the
lowest ranges of gestation.
O’Brien et al. described different mean and 95th
percentile 24-h ambulatory blood pressure values (p95)
Table 4 Prevalence of hypertension using the criteria for hypertension measured with an ambulatory blood pressure monitor (ABPM) defined by the
European Society of Hypertension [42]
SGA AGA Controls
N % N % N %
Normal 24-h blood pressure 20 95 26 90 26 87
Borderline 24-h hypertension 0 0 1 3 4 3
Mild, moderate, or severe 24-h hypertension 1 5 2 7 0 0
Normal daytime blood pressure 20 95 27 93 27 90
Borderline daytime hypertension 0 0 0 0 3 10
Mild, moderate, or severe daytime hypertension 1 5 2 7 0 0
Normal night-time blood pressure 20 95 24 83 26 87
Borderline night-time hypertension 0 0 3 10 2 1.5
Mild, moderate, or severe night-time hypertension 1 5 2 7 2 1.5
Total 21 100 29 100 30 100
Normal BP 24 hr ≤130/80 mmHg, Daytime BP ≤135/85 mmHg, Nighttime BP ≤120/70 mmHg, Borderline hypertension between normal blood
pressure values and hypertension, Hypertension 24 h >135/85 mmHg, Daytime >140/90 mmHg, Nighttime >125/75 mmHg
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[37]. For age range 17–29 years, the p95 were 136/81 for
men (N=107) and 125/78 for women (N=174).
On the basis of these reference values, the prevalence of
hypertension in our cohort was one in SGA, two in AGA,
and two in controls (not significant). Prehypertensive blood
pressure is a risk factor for hypertension in later life [38].
Screening at a young adult age could be effective to trace
individuals at risk of adult hypertension and would enable
early preventive treatment.
Strengths and limitations
A major strength of this study is that perinatal parameters
for prematurely born individuals were obtained prospec-
tively. Second, the study design provided for separate
evaluation of the effects of premature birth and IUGR.
The main limitation lies in the relatively small group
sizes, notably that of the SGA group. For this reason,
reliable prevalence rates of hypertension (stages 1 and 2)
and relative risks cannot be given. Much larger samples are
needed to confirm our findings. Second, selection bias
could have been introduced because recruitment was
among individuals who participated in the POPS 19 study,
which in itself had a response rate of 62.1%. The
nonresponse group in the POPS 19 study differs signifi-
cantly from the response group by male gender, non-Dutch
origin, low maternal education, severe handicap, and
special education [21]. However, there was no difference
in SGA status. Third, we had to rely on the mother’s recall
of her child’s birth weight and gestational age in 40% of
controls. We assumed that a mother would have remem-
bered premature birth or low birth weight. Most mothers
knew the exact term date (40 weeks), from which we
calculated gestational age. Birth weight could mostly be
retrieved from birth announcement cards and diaries. As
indicated earlier, uncertainty about these data was reason
for exclusion. The chance of recall bias would therefore
seem to be low. Moreover, parental recall of birth weight
has been demonstrated to be a reliable variable in a
statistical analysis [39, 40]. Lastly, controls were recruited
from a medical school and may be considered to be better
educated than the general population, especially on health
issues. Thus, they may be in better health. Their blood
pressure was comparable, however, to that of same-age
individuals in large population-based studies [41]. There-
fore, we feel they formed a representative control cohort.
In conclusion, our results suggest that very premature
birth increases SBP at a young adult age. IUGR does not
seem to attenuate this effect. Considering our previous
findings of decreased renal size, increased microalbuminu-
ria, and decreased renal blood flow, very preterm individ-
uals who suffered from IUGR are likely to have reduced
nephron endowment. Systematic monitoring of blood
pressure in young adults born very prematurely may
identify individuals at risk for developing hypertension.
Such a follow-up program may reveal the clinical signifi-
cance of our findings.
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